Massless messengers B R I A N K E AT I N G
T he CMB is the most perfect black body known in nature 1 , much better than any laboratory black-body oven, whose walls are almost perfect photon absorbers. These ancient CMB photons are also gravimeters. Using their intensity and polarization properties, we can measure the gravitational field of the last scattering surface -the fictitious shell formed by the Uni verse's first hydrogen atoms. Like the walls of an oven, the last scattering surface is so absorptive that it is the end of the line-of-sight, the farthest we can look back, at least using photons. However, the last scattering surface is also a gravitationalwave detector: a thin 'film' of matter on which primordial gravitational waves can be exposed, allowing us to peer back to earlier epochs when these waves themselves were produced. If inflation produced gravitational waves, then the waves will have imprinted a unique pattern of B-mode polarization on the CMB [6] [7] [8] . As described in David Spergel's companion article, if the B-mode polarization pattern proves to be of primordial origin, it will be strong evidence that inflation occurred. This is the goal of nearly a dozen CMB polari meters that are either planned or currently plying Southern Hemisphere skies (Fig. 1) .
CMB polarimeters are astonishingly precise. Current experimental sensitivities are at the level of tens of nanokelvin, unimaginable just a decade ago when the hunt for B modes began 9 . This is due to a 'Moore's-law-like' growth in the number of detectors. But these are no ordinary smartphone pixels. CMB polari meters use superconducting bolometers, thermal sensors cooled below 300 millikelvin. Two bolometers, one per polarization state of the CMB, are coupled to reflecting (mirror-based) or refracting (lens-based) tele scopes. Although details vary by instrument, polarimeters exploit the differential nature of the signal -what matters is the difference in microwave power between the CMB's two polarization states. To detect this difference, experimentalists cleverly use the twofold modulation of polarized signals for each single physical rotation about the optical axis of the polarimeter. (Try it with polarized sunglasses on a sunny day at sunset. Looking at the zenith, spin around once: the sky brightness modulates twice.)
But experimental challenges run deeper than raw sensitivity. Systematic effects masquerading as primordial gravitational waves need be only a few parts per billion of the ambient 300 K background to swamp observations. Despite this extreme susceptibility, astrophysical foregrounds such as dust emission from the Milky Way now seem to present the most formidable challenge.
Polarization data obtained with the BICEP2 telescope in Antarctica were initially interpreted as evidence for inflation 10 , but this conclusion was questioned 11 and recently reinterpreted. A joint analysis using Planck observations at a frequency of 353 gigahertz and data from the Keck Array and BICEP2 at 150 GHz has shown that BICEP2's original B-mode data were likely to be not purely primordial, nor caused by systematics. Rather, they were potentially dominated by thermal emission from dust grains in the Milky Way aligned by Galactic magnetic fields 12 . The game is still afoot -only experiments observing the cleanest celestial regions, with sensitivity in multiple frequency bands, can unambiguously detect the inflationary signal.
The prospect of detecting gravitational waves from the inflationary epoch, 10
−36 seconds after the Big Bang, is exhilarating. And yet, more-exotic physics may lurk undiscovered in the CMB's polarization. As CMB photons traverse the cosmos, they trace the properties of matter (dark and luminous) and the curvature of space-time itself. CMB photons are lensed; that is, their trajectories are bent by gravitational fields produced by dark matter. Such CMB polarization lensing perhaps offers the best hope of measuring the mass of the neutrino 13 , the only elementary particle whose mass is unknown.
Ancient photons are illuminating fundamental cosmic mysteries. CMB photons shed light on subjects that were once only the purview of particle colliders: elementary particle masses and ultra-high energy fields. The next 100 years promise to be equally exhilarating, thanks to the indomitable, massless messenger of the cosmos -the photon. 2 report a surprising findingapoptosis can trigger contractions that fold tissues. Rather than being inert, apoptotic cells actively affect their surroundings, causing lasting changes in tissue form and structure.
Epithelial tissues line the body's cavities, creating boundaries between different extracellular environments. Accordingly, epithelial cells are polarized, with one side of the cell dubbed apical and the other basal. In epi thelial tissues, apoptosis in one cell induces A special issue
nature.com/light20 5 Nature LIGHT apical contractility in neighbouring cells. The result is a purse-string-like contraction that pushes the dying cell from the epithelium 3 . Furthermore, epithelial cells remain adhered to their neighbours at specific structures called adherens junctions while they undergo apoptosis, inducing neighbouring cells to stretch and elongate towards the dying cell 4 . Although apoptosis is also known to be required to generate tissue-wide shape changes 5 , the link between this shape change and contractility is poorly understood.
Contractile forces are generated through the actin and myosin proteins that make up a cell's cytoskeleton. Actin filaments assemble into meshes and bundles that underlie cell membranes, whereas myosin is a motor protein that forms mini-filaments that both connect and 'walk' along actin filaments. Myosin mini-filaments can contract the actin network to generate cellular tension, and this contractility can be increased and transmitted between cells through adherens junctions in response to signalling molecules, promoting dramatic changes in tissue shape.
Such cellular tension is essential for the generation and maintenance of specific tissue architectures. One well-characterized example of how cell contractility and the resulting change in cell shape can influence tissue architecture occurs in the fruit fly Drosophila melanogaster. During early embryonic development, a signalling pathway activates the actin-myosin cytoskeleton, constricting the apices of a specific set of epithelial cells. This folds the epithelial sheet and results in the movement of muscle-cell precursors inside the embryo 6, 7 . By contrast, the cytoskeletons of cells in a mature, static epithelium constantly tug on neighbouring cells. This state of tension is required to maintain an ordered hexagonal cell array in epithelial tissues 8 . Thus, a fundamental property of epithelial tissues is that cells continually exert pulling forces on each other.
The leg joints of fruit flies form in the third larval stage of the insects' development, when folds in epithelial tissue cause successive rounds of tissue subdivision. This process involves apoptosis in cells at the centre of the fold 5 and contraction of the apical side of the surrounding tissue, which then folds inward towards the basal side. Monier and colleagues set out to determine the link between apoptosis and fold formation in these leg joints. Using live imaging, they studied a fluorescent version of myosin in cells undergoing apoptosis, and report that the protein accumulates along the apical-basal axis of the apoptotic cell. They also observed that the apoptotic cell pulls on its neighbours as it contracts and shrinks into the epithelium. Consequently, apical myosin levels in neighbouring cells increase, which causes these cells to constrict their apices and form a fold (Fig. 1) .
How does apoptosis cause neighbouring cells to constrict? The authors show that inhibiting myosin function in the apoptotic cell suppresses the accumulation of myosin at the apical edges of surrounding cells, and also suppresses fold formation 2 . This suggests that the mechanical pulling force from the dying cell could trigger myosin activity in its neighbours.
Studies 9,10 have demonstrated that applying mechanical forces to tissues can elevate myosin activity. But the mechanism through which a pulling force exerted by an apoptotic cell could recruit apical myosin in the surrounding tissue remains unknown. One possibility is that the myosin motor itself responds to tension, with tension increasing the length of time that myosin remains bound to actin filaments 11 . Alternatively, tension might affect signalling factors that regulate activity of the enzyme Rho kinase (as has been proposed for folding embryonic epithelia 10 ), because myosin dynamics and spatial organization are regulated by a balance between myosin phosphorylation by Rho kinase and dephosphorylation by phosphatase enzymes 12 . It is also possible that contractile activity in the apoptotic cell compromises the integrity of the cell's membrane, leading to the release of a chemical signal, such as ATP, that induces contraction in neighbours 13 . One experiment that would directly test whether physical transmission of tensile force is required to elevate myosin would be to disrupt adherens-junction proteins, which are required to mechanically couple epithelial cells during apoptosis 4 . How common is the phenomenon of apoptosis triggering or contributing to morpho genetic movements? Apoptotic cells contribute to generating the tension that drives epithelial-sheet movement in a fruit-fly tissue called the amnioserosa 14 . Monier and co-workers' study demonstrates that apo ptosis -and possibly the resulting pulling forceinduces myosin accumulation and fold formation in three other epithelial tissues. Thus, apoptotic cells may have a more active role in shaping tissues than was previously believed.
Tissue folding is most often thought to be triggered by transcription factors or secreted signalling molecules, or both. This study demonstrates that in some tissues there is in fact a relay effect, in which induction of one type of cell behaviour can trigger changes in the surrounding tissue. The idea that mechanical signalling can trigger a propagation of contractile activity was originally proposed in some of the first mechanical models of tissue shrink and accumulate myosin protein along their apical-basal axis as they do so. Neighbouring cells also accumulate myosin at their apical surfaces, causing elevated tension around the apoptotic cell. c, As the dying cell fragments, neighbouring cells apically constrict and form a fold in the tissue.
K A I T L I N M . K R AT T E R
R oughly 150 years after the invention of the telescope, astronomers deciphered the mysteries of double stars. Using probability arguments, natural philosopher John Michell suggested in 1767 that pairs of stars in the sky were in gravitational tangos, not chance alignments. The early discovery of such binary stars reflects their numbers: at least half of stars like the Sun are found in multiple systems 1, 2 . And yet the origins of this all-too-normal population are mysterious. On page 213 of this issue, Pineda et al. 3 report the discovery of a quadruple star system still in the 'womb' (Fig. 1) . With these data, we are closing in on understanding binary-star conception.
Why worry about binary stars versus single stars at all? It turns out that binary stars have an outsize impact on many astrophysical phenomena. First, binaries allow us to detect stellar-mass black holes, which are the remnants of massive stars and can be seen only because of their gravitational influence on a normal stellar companion. Second, they generate the type 1a supernovae explosions that are used as 'standard candles' to measure cosmic distances. Third, we now know that planets can form in binaries, notably in the habitable 'Goldilocks' temperature zone, where the planet is at the right distance from the host star to retain at least some liquid water. Finally, binaries may also be a source of gravitational waves. For all of these research areas, characterizing the binary population is crucial, and proper accounting must start at birth.
Young stars have more bound companions than their older counterparts 4, 5 . This observation indicates that binary stars form together at birth, rather than uniting after they grow up. Pineda and colleagues' infant quadruple system reinforces this idea. Multiple and single stars alike form in cold, filamentary molecular gas clouds. Within filaments, we find protostars forming in dense regions because of the triumph of gravitational forces over thermal, turbulent and magnetic pressures. The relative importance of turbulence and magnetic fields in star formation is an open question 6 . Theoretical models that require turbulence to set the properties of star-forming regions predict that sometimes there is not just one dominant dense region in a filament, but two or three, or even four [6] [7] [8] [9] . Frequently, these regions turn into a bound protostellar system. As they continue to accrete gas and dust from their surroundings on their way to becoming fully fledged stars, sometimes sibling rivalry plays a part in deciding which star gets to be the biggest 10 . The siblings either work out their differences and settle into organized periodic orbits, or, if necessary, eject one party to keep the peace.
Pineda and colleagues have observed arguably the youngest multiple system so far using the Karl G. Janksy Very Large Array in New Mexico and the James Clerk Maxwell Telescope in Hawaii. They discovered four distinct dense gas condensations in a nearby molecular cloud, only one of which hosts a protostar. All four objects are incredibly young in astronomical terms, probably less than 10 5 years old (based on their densities and temperatures).
Detecting systems at birth is extremely difficult on multiple counts. First, the starformation timescale is only a few hundred thousand years, which is short compared to stellar lifetimes of billions of years. Thus, the probability of 'catching' star systems in the act of formation is small. Second, these siblings can be seen through their molecular womb only with observations that have high folding more than 30 years ago 15 . 
STAR FORMATION

Sibling rivalry begins at birth
High-resolution astronomical observations of a nearby molecular gas cloud have revealed a quadruplet of stars in the act of formation. The system is arguably the youngest multiple star system detected so far. See Letter p.213 3 have discovered four distinct gas condensations in a clumpy, filamentary gas cloud (white) surrounded by dust (blue). The locations of the condensations in this image are marked with black and red dots. The four condensations are destined to form a bound multiple star system, and one of them (red dot) has already 'turned on' as a protostar.
